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Abstract

Cutaneous melanoma can be lethal even if detected at an early stage. Epigenetic profiling may 

facilitate the identification of aggressive primary melanomas with unfavorable outcomes. We 

performed clustering of whole-genome methylation data to identify subclasses that were then 

assessed for survival, clinical features, methylation patterns and biological pathways. Among 89 

cutaneous primary invasive melanomas, we identified three methylation subclasses exhibiting low-

methylation (LM), intermediate-methylation (IM), or hypermethylation of CpG islands, known as 

the CpG island methylator phenotype (CIMP). CIMP melanomas occurred as early as T-stage 

1b; and, compared with LM melanomas, were associated with age at diagnosis ≥65 years, 

lentigo maligna melanoma histologic subtype, presence of ulceration, higher AJCC stage and 

T-stage, and lower tumor infiltrating lymphocyte (TIL) grade (all p<0.05). Patients with CIMP 

melanomas had worse melanoma-specific survival (HR=11.84; CI=4.65–30.20) than those with 

LM melanomas, adjusted for age, sex, AJCC stage, and TIL grade. Genes hypermethylated in 

CIMP compared with LM melanomas included PTEN, VDR, PD-L1, TET2 and gene sets related 

to development/differentiation, the extracellular matrix and immunity. CIMP melanomas exhibited 

hypermethylation of genes important in melanoma progression and tumor immunity; and, although 

present in some early melanomas, CIMP was associated with worse survival independent of 

known prognostic factors.

INTRODUCTION

Cutaneous melanoma is the most lethal form of skin cancer, and its incidence continues 

to rise (AmericanCancerSociety, 2020; Linos et al., 2009). American Joint Committee on 

Cancer (AJCC) staging of primary melanoma patients to estimate the risk of recurrence and 

death is based on the primary melanoma characteristics of Breslow thickness and ulceration, 

along with whether disease has metastasized to lymph nodes or visceral sites (Gershenwald 

et al., 2017). The presence and pattern of tumor infiltrating lymphocytes (TILs) in the 

melanoma, measured as TIL grade, also provides prognostic information (Thomas et al., 

2013). Clinical outcomes can differ within a specific AJCC stage (Gershenwald et al., 

2017), indicating that there exist biologically-distinct melanoma subtypes that vary in 

their aggressiveness, metastatic potential and ability to evade the immune system (Davar 

and Kirkwood, 2016; Gerami et al., 2015; Hodi et al., 2010; Thomas et al., 2013). New 

biomarkers are urgently needed to further stratify melanoma patient risk.

At the molecular and cellular levels, melanoma is a complex disease influenced by genetic 

and epigenetic alterations in both the tumor and its microenvironment that includes immune 

cells and surrounding epithelial or stromal cells. Recent studies have described multiple 

cutaneous melanoma subtypes defined by gene mutations (Devitt et al., 2011; Thomas et al., 

2015), mRNA or miRNA expression patterns (Cirenajwis et al., 2015; Jonsson et al., 2010; 

Lauss et al., 2016; Lauss et al., 2015b; Nsengimana et al., 2015; Segura et al., 2010), copy 

number alterations (TCGA, 2015), and immune cell infiltrates (Nsengimana et al., 2018; 
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Pozniak et al., 2019) that are often associated with different patient outcomes or differential 

responses to targeted and immune therapies.

Disruption of the methylation landscape is also a widespread feature in the development 

and progression of cutaneous melanomas, with epigenetic regulation of key melanoma 

pathways linked to metastatic progression and survival (Guo et al., 2015; Lauss et al., 

2015a; Micevic et al., 2017; Tiffen et al., 2016). Epigenetic mechanisms, including DNA 

methylation at CpG dinucleotides, may regulate gene expression without altering the DNA 

sequence (Plass, 2002). Clustering of whole-genome methylation array data has revealed 

multiple methylation subtypes exhibiting survival differences; however, the numbers of 

subtypes identified vary by study and most reports examined late stage primary melanomas 

or metastases (Lauss et al., 2015a; Lauss et al., 2015b; Sigalotti et al., 2012; Tanemura et 

al., 2009; TCGA, 2015), with only one including earlier primary melanomas (Wouters et al., 

2017). Among the methylation subtypes described in melanoma is an aggressive subgroup 

exhibiting worse outcomes and hypermethylation of CpG islands, called the ‘CpG island 

methylator phenotype’ (CIMP) (Lauss et al., 2015b; Tanemura et al., 2009). The CIMP 

phenomenon has also been observed in other tumor types, but its prognostic significance 

varies (Abe et al., 2005; Fang et al., 2011; Juo et al., 2014; Noushmehr et al., 2010). In 

melanoma, questions remain whether CIMP represents a biological subtype, and if this 

phenotype is evident in early melanomas or is related to tumor progression. Here, we sought 

to identify and characterize the CpG island hypermethylated melanoma subtype among a 

series of primary invasive melanomas that included early-stage tumors, with the goal of 

better understanding its histologic characteristics, clinical behavior, epigenetic alterations 

and underlying biology.

RESULTS AND DISCUSSION

Patient characteristics

Illumina 450K methylation array profiling was performed on 89 formalin-fixed paraffin-

embedded (FFPE) primary invasive melanomas, with 48.3% of patients being ≥65 years 

of age, 64.0% male and 88.8% white of European ancestry (Supplementary Table S1). 

Melanomas were distributed across AJCC tumor stages and histologic subtypes, with 

median Breslow thickness of 1.60 mm (range 0.37–17.00 mm) and 39.8% with ulceration.

Primary melanoma methylation subclasses

Using consensus clustering and unsupervised hierarchical clustering with the top 1% most 

variant CpG probes, we identified three primary melanoma clusters shown in the heatmap of 

Figure 1a; the low-methylation (LM), intermediate-methylation (IM), and hypermethylated 

CIMP subclasses comprised 37%, 47% and 16% of melanomas, respectively. The LM 

subclass exhibited a methylation profile most similar to that of benign nevi (Figure 

1b). Principal components analysis (PCA) confirmed separation of the three melanoma 

subclasses (Figure 1c). Additional metrics supporting the identification of three subclasses 

are provided in Supplementary Figures S1a–c. Restricting clustering to the top 5% of 

probes in CpG islands also produced similar methylation subclasses including the CIMP 

subclass (Supplementary Figures S1d–f). The three melanoma subclasses varied in their 
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levels of methylation, denoted by the beta (β) value, in key functional motifs such as CpG 

islands. Specifically, the hypermethylated subclass exhibited a pattern of heavy methylation 

concentrated in CpG islands and shore regions compared with the other subclasses (Figure 

1d); we, therefore, refer to this as the CpG island methylator phenotype (CIMP) subclass.

Differential methylation between the CIMP and LM subtypes of CpG probes with 

annotation showed that 83% of CpGs (n=50,952) were hypermethylated in CIMP, mainly 

in CpG islands or shores and promoter regions, while only 17% of CpGs (n=10,512) were 

hypomethylated, mostly in open sea regions and gene bodies (Figure 1e). Similar results 

were observed when comparing CIMP versus the IM subclass (not shown). Among the 

differentially hypermethylated CpGs, 68% (n=34,456) exhibited a gradient of increasing 

methylation across the three melanoma subgroups from LM to IM to CIMP, suggesting that 

CIMP may represent an extreme accumulation of CpG island methylation due to one or 

more underlying mechanism(s).

Characteristics of the melanoma subclasses

Demographic, clinical and histologic characteristics were compared between the 

methylation subclasses. CIMP melanomas were more likely to be diagnosed at age ≥65 

years (p=0.03), be of the lentigo maligna melanoma histologic subtype (p=0.01) and have 

ulceration (p=0.04), higher AJCC stage (p=0.02) and T-stage (p=0.02), lower TIL grade 

(p=0.01) and marginally more mitoses (p=0.18) than LM melanomas (Table 1; Figure 1f). 

CIMP melanomas were also more likely to be diagnosed at age ≥65 years (p=0.03) and 

be of the lentigo maligna melanoma subtype (p=0.02) than IM melanomas. Three CIMP 

melanomas were stage T1b, with Breslow thicknesses ≤1.00 mm and only one exhibiting 

ulceration, and two of these patients died either of or with melanoma. IM melanomas 

were also more likely to be ulcerated (p=0.03) and have higher T-stage (p=0.006) than LM 

melanomas.

As shown in Kaplan-Meier plots, CIMP melanomas were associated with worse melanoma-

specific and all-cause survival compared with the IM and LM subclasses among all 

patients (Figure 2a) and those without disease progression at diagnosis (AJCC stages 

I/II) (Figure 2b). Univariate hazard ratios (HR) for melanoma-specific survival of patients 

with CIMP melanomas were elevated compared to those with either LM (HR=12.50; 

95% CI=3.62–43.40) or IM (HR=6.44; 95% CI=2.46–16.9) melanomas (Figure 2c). After 

adjusting for known prognostic characteristics (age, sex, AJCC stage) in multivariable Cox 

proportional hazards models, the CIMP subclass was significantly associated with worse 

melanoma-specific survival compared to either the LM (HR= 12.91; 95% CI=5.09–32.76) 

or IM (HR=5.33; 95% CI=2.10–13.52) subclasses. When additionally adjusted for TIL 

grade (absent, non-brisk, brisk), CIMP remained associated with worse outcome compared 

with either the LM (HR=11.84; 95% CI=4.65–30.20) or IM (HR=5.46; 95%=2.14–13.91) 

subclasses (Figure 2d). The presence of CIMP in earlier stage melanomas and the persistent 

adverse risk associated with this subclass in multivariable survival models suggests that 

CIMP is not necessarily a consequence of more advanced stage but may be related to more 

aggressive biology and anti-tumor immune suppression.
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Development of a methylation subtype classifier for melanoma

To facilitate independent validation of methylation subclasses and gene expression in 

The Cancer Genome Atlas (TCGA) melanomas, we used ElasticNet modeling in a 

training set of 58 UNC melanomas to develop a signature to distinguish CIMP, IM and 

LM melanomas. The final 171-CpG classifier predicted these subclasses in the test set 

(n=31) with 100% sensitivity, 88% specificity, and Area Under the Curve (AUC)=0.976 

(Supplementary Figures S2a–d), with the predicted CIMP melanomas showing the worst 

melanoma-specific survival (Supplementary Figure S2e). Among primary and metastatic 

melanomas from TCGA, the 171-CpG classifier distinguished three subclasses, including 

the poorer-prognostic CIMP subclass (Supplementary Figure S2f, g). CIMP melanomas 

in TCGA defined by the 171-CpG signature comprised 15% of primary and metastatic 

melanomas (Supplementary Figure S2h), were previously classified as the ‘CpG island 

hypermethylated’ subclass (Supplementary Figure S2i) and included a mixture of mRNA 

expression subtypes (TCGA, 2015) (Supplementary Figure S2j).

Pathways and genes differentially hypomethylated in CIMP

Given their distinct clinical and survival differences, we examined differential methylation 

profiles between the CIMP and LM subclasses. Among promoter-associated CpGs, 89% 

(n=44,969) were differentially hypermethylated in CIMP versus LM melanomas, while 

only 11% (n=9,457) were hypomethylated. MethylRRA analysis of hypomethylated CpGs/

genes revealed significant enrichment for gene sets related to olfactory receptor signaling 

and keratinization; pigmentation terms were also identified but were not significant at 

the FDR threshold (Figure 3a). Heatmap panels in Figure 3b provide examples of CIMP-

related hypomethylation in open seas regions of genes related to keratinization. Figures 

3c and 3d summarize the coordinated differential hypomethylation in the CIMP versus 

LM subclasses of melanocyte pigmentation-related genes that include SOX10, MITF, the 

master regulator of melanocyte growth and differentiation (Vachtenheim and Ondrusova, 

2015), and its targets TYR, DCT, SLC45A2, EDNRB, and CDK2. MITF hypomethylation 

in CIMP melanomas occurred most prominently at cg11038507 near the transcription start 

site (TSS) of the melanocyte/melanoma-specific MITF-M transcript, which has been shown 

to inversely correlate with mRNA expression (Lauss et al., 2015a). In TCGA, CIMP primary 

melanomas exhibited hypomethylation and higher mRNA expression of several MITF target 

genes (Figure 3e), including CDK2 and EDNRB for which methylation was inversely 

correlated with expression (Figures 3f, g; Supplementary Table S2). Tissue-specific 

regulation of CDK2 by MITF has been shown to be crucial for maintaining proliferation 

in melanoma cells (Du et al., 2004). Overall, CIMP-related gene hypomethylation patterns 

seem to reflect melanocytic or epithelial cell types and/or the reported mRNA expression-

based subtypes of melanoma (e.g., keratin or pigmentation) (Lauss et al., 2015a; TCGA, 

2015).

Pathways and genes differentially hypermethylated in CIMP

Many pathways and gene sets exhibited hypermethylation of constituent genes in CIMP 

(versus LM) melanomas, summarized according to their function in Figure 4A. Among 

these were gene sets involved in development/morphogenesis and differentiation, neural 
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crest differentiation, the extracellular matrix (ECM), tissue remodeling and wound healing, 

epithelial differentiation, oncogenic signaling related to PI3 kinase or loss of BMI1, 

and immune regulation and inflammation, with considerable overlap in constituent genes 

between many of these gene sets. The majority of hypermethylated CpG sites resided in 

promoter regions, as shown in the volcano plot of Figure 4b. Of the hypermethylated CpG 

sites located in islands and promoters (and with gene annotation), 34% showed inverse 

Pearson correlations (r < −0.2) between methylation and mRNA expression in TCGA 

primary melanomas.

Many of the genes exhibiting CpG island hypermethylation in the CIMP subclass have 

roles in embryonic development and differentiation, and are transcriptional regulators and 

targets of the polycomb repressor complex 2 (PRC2) and its core proteins (SUZ12, EED) 

that add repressive H3K27 trimethylation marks on chromatin (Ben-Porath et al., 2008) 

(Figure 4c). PRC2 target gene hypermethylation occurs with age (Teschendorff et al., 

2010), is an epigenetic hallmark of CIMP in other cancers and is often associated with 

aggressive tumor phenotypes and adverse outcomes (Easwaran et al., 2012; Hughes et 

al., 2013; Widschwendter et al., 2007). Developmental genes demonstrating CIMP-related 

hypermethylation included ESR2, RARB and FRZB and PRC2 target genes such as 

VDR and PITX1, and for many, primary melanoma data from TCGA confirmed CIMP-

related hypermethylation, lower mRNA expression, and an inverse relationship between 

methylation and mRNA expression (Supplementary Figure S3 and Table S2). Methylation 

silencing and downregulation of these tumor suppressor genes have been reported in 

melanoma or other cancers, and are associated with adverse growth characteristics, more 

advanced cancer, or worse patient outcomes (Barut et al., 2016; de Giorgi et al., 2009; de 

Unamuno Bustos et al., 2018; Ekstrom et al., 2011; Ohira et al., 2019; Spyropoulos et al., 

2015; Tanemura et al., 2009; Xue et al., 2007). Tumor suppressor genes, such as RASSF1 
and CDKN2A, known to be hypermethylated in melanomas but not specifically identified 

through the MethylRRA gene set/pathway analysis were also more heavily methylated in 

CIMP tumors (Supplementary Figure S4).

An intriguing finding is hypermethylation of the vitamin D receptor (VDR) as part of the 

CIMP phenotype in melanomas (Figures 4d, e), which is correlated with reduced mRNA 

expression in TCGA primary melanomas (Pearson r= −0.412 for cg10037049) (Figure 

4f). VDR mediates vitamin D signaling, exerts pro-differentiation and anti-proliferative 

properties (Burns et al., 2015) and supports anti-tumor immunity (Muralidhar et al., 2019). 

Loss of VDR signaling, including via methylation silencing, has been linked to more 

advanced tumor features, TIL deficiency, and worse outcomes among melanoma patients 

(Brozyna et al., 2014; Muralidhar et al., 2019; Newton-Bishop et al., 2009; Newton-Bishop 

et al., 2015). Our results, together with prior studies, suggest that methylation-related 

impairment of VDR signaling could contribute to the adverse clinical features and TIL 

deficiency observed in CIMP melanomas.

The extracellular matrix (ECM) serves as a critical barrier to tumor cell invasion and 

metastasis. Among genes hypermethylated in CIMP melanomas were those that stabilize 

and maintain the integrity of the ECM and basement membrane (e.g., COL1A2, NID1, 

NID2), form gap junctions (GJA1) or suppress cell migration or cytoskeletal remodeling 
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(COL1A2, SPINT2, AIM1). Heatmaps demonstrating CIMP-related hypermethylation and 

supporting methylation and expression data in TCGA are shown in Supplementary Figure 

S3b and Table S2. ECM-related genes are expressed in melanomas and/or keratinocytes, and 

their silencing via methylation in melanomas or other cancer types promotes cell motility, 

invasion and metastasis (Ableser et al., 2014; Bonazzi et al., 2011; Chai et al., 2016; Chen et 

al., 2003; Haffner et al., 2017; Hoshimoto et al., 2012; Hwang et al., 2015; Koga et al., 2009; 

Tittarelli et al., 2015; Ulazzi et al., 2007; Wang et al., 2020).

A prominent feature of the CIMP subclass is a deficiency in anti-tumor immunity as 

evidenced by the lack of a robust TIL response. Several immune-related genes expressed 

by some tumors and antigen-presenting cells, such as PD-L1 (CD274), IRF6 and HLA-
DOA, were hypermethylated in CIMP melanomas but relatively unmethylated in the LM 

subclass that exhibited abundant TILs (Supplementary Figure S3c; Figures 4g, h), and these 

findings were confirmed in TCGA primary melanomas. PD-L1 methylation was inversely 

correlated with mRNA expression (Figure 4i), consistent with prior studies indicating that 

PD-L1 hypermethylation was associated with reduced immune cell infiltrates and worse 

survival among melanoma patients (Madore et al., 2016; Micevic et al., 2019). CpG island 

hypermethylation in the promoter of PTEN, a tumor suppressor and negative regulator of 

the PI3K signaling pathway, was prominent in CIMP melanomas, likely occurring in some 

tumors in conjunction with mutation and/or deletion (Figures 4j, k; Supplementary Figure 

S3d). PTEN methylation is a prognostic marker for worse melanoma outcomes (Lahtz et al., 

2010; Roh et al., 2016), and loss of PTEN protein correlates with reduced T-cell infiltration 

and resistance to checkpoint immunotherapy (Peng et al., 2016).

CIMP melanomas were more likely to exhibit promoter hypermethylation of the DNA 

demethylation gene, TET2, compared to the IM or LM subclasses (Figures 5a, b). Twelve 

of 14 (86%) CIMP melanomas (including all three T1 tumors) versus 2 of 33 (6%) LM 

tumors had TET2 methylation of β>0.2 (at cg00911488), which correlated with CIMP 

status (AUC=0.90) (Figure 5c). Both primary and metastatic CIMP melanomas in TCGA 

exhibited strong TET2 hypermethylation and lower mRNA expression compared with the 

LM subclass (Figure 5d). Moreover, TET2 methylation was inversely correlated with mRNA 

expression (Pearson r= −0.32) (Figure 5e). The molecular mechanisms underlying CIMP 

have not been fully established but include mutation of IDH1/IDH2 genes that can produce 

an oncometabolite inhibiting TET2 (Losman and Kaelin, 2013; Reitman and Yan, 2010). 

Epigenetic silencing of TET2 has also been reported in hypermethylated melanomas in 

association with an invasive phenotype (Gong et al., 2017; Koroknai et al., 2019). These 

observations raise the question of whether diminished demethylation capability contributes 

to the development or maintenance of CIMP in melanomas.

Conclusions

Among primary invasive melanomas, we identified three methylation-based subclasses, 

including a CIMP subclass exhibiting hypermethylation of CpG islands and particularly 

poor melanoma-specific and overall survival after accounting for other prognostic factors. 

CIMP melanomas also frequently exhibited more adverse features of ulceration, higher T-

stage and absence of TILs. However, CIMP was found in some early melanomas, suggesting 
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this phenotype is not necessarily a consequence of tumor progression, but may help to 

identify patients at higher risk of recurrence. Our findings will need to be validated in a 

larger study that includes early melanomas. Limitations of our study include the lack of 

paired mRNA expression data and limited size of the CIMP subclass. However, TCGA 

melanomas, despite being thick primary tumors and metastases, validated many of our 

methylation findings in mostly earlier primary melanomas.

MATERIALS AND METHODS

Patients and tissues

FFPE primary invasive melanomas were assembled as previously described (Conway et 

al., 2019), and included all AJCC tumor stages based on the 8th Edition of the AJCC 

Cancer Staging Manual (Gershenwald et al., 2017) and a broad spectrum of histologic 

subtypes. Details of sample and clinical data acquisition and pathology review are provided 

in the Supplementary Materials. The institutional review boards at the University of North 

Carolina and the University of Rochester approved this retrospective study. They determined 

that the research met criteria for waiver of informed consent for research (45 CFR 46.116d]) 

and waiver of Health Insurance Portability and Accountability Act authorization (45 CFR 

164.512[i][2][ii]) because the research involved no more than minimal risk to the subjects, 

the waiver would not adversely affect the rights and welfare of the subjects, and, the research 

could not be practicably carried out without the waiver. Patient demographics, and clinical 

and tumor histopathologic characteristics are provided in Supplementary Table S1.

TIL scoring

Histopathologic scoring of tumor infiltrating lymphocytes (TILs) was performed by the 

dermatopathologist using the 3-tier scoring criteria described by Clark et al (Clark et al., 

1989). Briefly, if TILs were present throughout the area of the vertical growth phase or 

present and infiltrating across the entire base or the vertical growth phase, they were 

scored as brisk. TILs occurring in one or more foci of the vertical growth phase were 

considered non-brisk. If lymphocytes were present but did not infiltrate the melanoma, or 

if lymphocytes were not associated with any part of the vertical growth phase, they were 

considered absent.

DNA preparation

Melanomas were manually dissected using H&E slides as guides and DNA was prepared as 

described (Thomas et al., 2004).

HumanMethylation450 BeadChip analysis

Details on methylation array analysis and data preprocessing have been described (Conway 

et al., 2019). The final dataset contained 383,229 probes and 89 melanomas.

Identification of methylation subtypes

Hierarchical clustering and ConsensusClusterPlus (CCP) (Wilkerson and Hayes, 2010) 

with the top 1% most variable CpG probes measured by interquartile range (IQR) (after 
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filtering) (n=3,833) were used to identify methylation-based melanoma subclasses, and 

resulting subtypes defined by the two methods were compared. CCP was performed with 

a resampling of 80% of probes and 80% of samples. Both clustering methods utilized 

the Euclidean distance measure and complete agglomeration method. Clusters K=2 to 

10 were generated, and the optimal number of clusters was chosen based on consensus 

membership heatmaps and change in area under the CDF curve (AUC). Heatmaps depicting 

consensus and hierarchical clustering in tumors were generated using the top 1% most 

variant probes. Columns were annotated with patient, clinical and pathological attributes. 

Two-sided Fisher’s exact tests (Clarkson et al., 1993; Mehta and Patel, 1986; Mehta and 

Patel, 1983) assessed whether the clusters were associated with specific attributes. PCA 

depicted the segregation of methylation-based melanoma subclasses.

Survival analyses

The survival package in R was used to compute survival probabilities and Kaplan-Meier 

plots were generated to display survival differences between melanoma subclasses. The 

log-rank test was used to test differences in survival among subclasses. Cox proportional 

hazards regression models were used to compute hazard ratios between groups.

Methylation subtype classifier development

Multinomial regression with ElasticNet was performed on the training set of 58 (of 89) 

melanomas to derive a CpG classifier that distinguished the three methylation subclasses 

and was independently validated in the test set (n=31) and in 467 melanomas from The 

Cancer Genome Analysis (TCGA) provisional dataset (Supplementary Figure S2). The Area 

Under the Curve (AUC) plot was used to identify the number of CpGs in the multiclass 

classifier and the best alpha level that optimally distinguished each of the three subtypes 

using the multiclass.roc function from the pROC package (Hand and Till, 2001). Heatmaps 

were used to illustrate the resulting melanoma subclasses and Kaplan-Meier plots evaluated 

the survival of each cluster.

Differential methylation analysis

The ChAMP package (champ DMP function) (Morris et al., 2014) was used to identify 

promoter-associated CpG loci (residing in the TSS1500, TSS200, 1st exon, or 5’UTR) 

exhibiting differential hyper- or hypomethylation between melanoma subclasses. Other CpG 

annotations included relationship to transcription start site (TSS200, TSS1500), CpG island 

(Island, Shelf, Shore), or other regions (e.g., Body). CpG probes differentially methylated 

between two subclasses had delta mean β ≥0.1 and were significant at FDR-adjusted p-

values of <0.05 (Benjamini and Hochberg, 1995).

MethylRRA analysis

Hypomethylated and hypermethylated CpG loci in promoters differing at FDR p<0.05 

between the CIMP and LM subclasses were examined for enrichment of gene sets (GO gene 

sets/C5 biological processes, C6 oncogenic signatures, and C2 curated gene sets) available 

through the Broad Institute MSig database (http://software.broadinstitute.org/gsea/msigdb/

index.jsp). Enrichment analysis was performed using the Robust Rank Aggregation method 
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implemented by the methylRRA function from methylGSA (Ren and Kuan, 2019). For each 

gene, methylRRA computes an adjusted p-value based on ordered statistics of the CpG level 

p-values mapping to the gene.

TCGA analyses

Illumina 450K methylation data for TCGA-SKCM were downloaded from TCGABiolinks 

(n=466). All idat files were processed by ChAMP as follows. Filtering was performed for 

probes with detection p-value <0.01, with <3 beads in at least 5% of samples, overlapping 

SNPs, mapping to more than one locus or located on X or Y chromosomes. Missing 

beta values were then imputed by the K Nearest Neighbor (KNN) algorithm and BMIQ 

normalization was performed (Teschendorff et al., 2013). Clinical and high-quality survival 

data for TCGA-SKCM were obtained from Liu et al (Liu et al., 2018). Pearson correlations 

(r) were used to assess the relationship of methylation and mRNA expression. Analysis of 

differential methylation was performed as described for UNC melanomas.
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AJCC American Joint Committee on Cancer

AUC Area under the receiver operator characteristic (ROC) curve

CI Confidence interval

CCP Consensus cluster plus

CIMP CpG island methylator phenotype

DNA Deoxyribonucleic acid

ECM Extracellular matrix

FDR False discovery rate
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HR Hazard ratio

IM Intermediate methylation

IQR Interquartile range

LM Low methylation

mRNA Messenger RNA

MethylRRA Methyl Robust Rank Aggregation

PRC2 Polycomb repressor complex 2

PCA Principal components analysis

TCGA The Cancer Genome Atlas

TSS Transcription start site

TIL Tumor infiltrating lymphocyte

T-stage Tumor stage
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Figure 1. DNA methylation-based primary melanoma subclasses and their characteristics.
(a) Methylation-based subclasses among 89 primary invasive melanomas denoted as low 

methylation (LM), intermediate methylation (IM) and high methylation or CpG island 

methylator phenotype (CIMP). Characteristics are indicated by bars above the heatmap. 

(b) Methylation profiles for 73 benign nevi. (c) Principal components analysis (PCA) 

illustrating three melanoma subclasses. (d) Mean β of the top 25% most variant CpGs, by 

subclass and genomic location. (e) Genomic locations of differentially hypermethylated or 

hypomethylated CpGs in the CIMP versus LM subclass; probes were restricted to those with 

annotation for gene, location relative to a CpG island (top) or functional region and distance 

from the transcription start site (TSS) (bottom). (f) Boxplots illustrating characteristics of the 

three methylation subclasses. Adjusted p values are from the Fisher’s exact test.
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Figure 2. Survival based on methylation-based melanoma subclasses.
Kaplan-Meier plots showing melanoma-specific and all-cause survival based on the three 

methylation-based subclasses among (a) all melanoma patients or (b) patients without 

evidence of metastasis at diagnosis. Log rank p values are shown. (c) Forest plot 

of unadjusted hazard ratios for melanoma-specific survival, comparing the effect of 

methylation subclass with other prognostic and patient characteristics. The box size reflects 

the Cox p-value in −log10 scale. (d) Multivariable Cox proportional hazards ratios for 

melanoma-specific survival, adjusted for categorical variables of age (>65/≤65 yrs), sex 

(male/female) and AJCC stage (IA/IB, IIA/IIB/IIC, IIIA/IIIB/IIIC, IV), and TIL grade 

(absent/non-brisk/brisk).

Conway et al. Page 17

J Invest Dermatol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Gene sets and pathways differentially hypomethylated in CIMP melanomas.
MethylRRA was conducted using promoter-associated CpGs/genes differentially 

hypomethylated (FDR p-value <0.05) between CIMP and LM subsets. (a) Bar plot 

showing −log10 of FDR p-values for the top enriched gene sets. Heatmap panels showing 

methylation in CIMP and LM tumors for selected genes involved in (b) keratinization 

and (c) pigmentation. The genes shown exhibited differential hypomethylation at two or 

more CpGs. (d) Boxplots summarizing hypomethylation of MITF and its target genes 

involved in pigmentation. In TCGA primary melanomas, heatmap panels show methylation 
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and associated mRNA expression for pigmentation-related genes in CIMP vs. LM subsets 

identified by the 171 CpG classifier (e), and scatter plots of methylation and mRNA 

expression for CDK2 (f) and EDNRB (g). P-values are FDR-adjusted.
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Figure 4. Selected gene sets and pathways differentially hypermethylated in CIMP melanomas.
MethylRRA analysis was conducted using promoter-associated CpGs/genes differentially 

hypermethylated (FDR p-value <0.05) between CIMP and LM subclasses. (a) Bar plot 

showing −log10 of FDR p-values for top gene sets hypermethylated in CIMP. (b) Volcano 

plot of CpGs hypermethylated (right) or hypomethylated (left) in promoter (red) and non-

promoter (black) regions. CpGs above the broken line significant at FDR p-value <0.05. (c) 

Fraction of PRC2 and related gene targets defined by Ben-Porath et al (Ben-Porath et al., 

2008) hypermethylated in CIMP. Heatmap panels and boxplots illustrate hypermethylation 

in CIMP vs. LM subclasses for VDR (d, e), PD-L1 (CD274) (g, h) and PTEN (j, k); the 

genes shown exhibited differential hypermethylation at two or more CpGs. Also shown 

are corresponding methylation and mRNA expression panels for TCGA primary melanoma 

subclasses defined by the 171 CpG signature, with tumors similarly ordered in both panels. 

Scatter plots show CpG methylation versus mRNA expression in TCGA primary melanomas 

for VDR (f) and PD-L1 (i), with Pearson correlations shown.
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Figure 5. Hypermethylation of TET2 in the CIMP melanoma subclass.
(a) Heatmap panels showing TET2 hypermethylation in the CIMP subclass. FDR p values 

and CpG locations are given on the right. Methylation level is indicated by the β value, 

with higher methylation in red, low methylation in blue, and intermediate values shown in 

white. Clinical annotation is provided below the heatmap. (b) Boxplots summarizing CpG 

methylation differences in TET2 between melanoma subclasses. (c) Correlation of TET2 
methylation of ≥0.2 β (vs. <0.2 β) with CIMP subclass status. In TCGA melanomas, (d) 

TET2 methylation and associated mRNA expression by subclasses defined by the 171-CpG 

classifier, and (e) scatter plot of TET2 methylation versus mRNA expression in primary 

TCGA melanomas.
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Table 1.

Clinical characteristics of the three methylation-based primary melanoma subclasses

Characteristic

Methylation subclass

CIMP vs. 
LM

p value

CIMP vs. 
IM

p value

IM vs 
LM

p value

CIMP
(n=14)

IM
(n=42)

LM
(n=33)

No. % No. % No. %

Age at diagnosis (yrs) <65 3 21.4 24 57.1 19 57.6 0.03 0.03 1.00

≥65 11 78.6 18 42.9 14 42.4

Sex Male 9 64.3 27 64.3 21 63.6 1.00 1.00 1.00

Female 5 35.7 15 35.7 12 36.4

Race White 11 78.6 39 92.9 29 87.9 0.41 0.16 0.69

Other/Unknown
a 3 21.4 3 7.1 4 12.1

Anatomic site Head/neck 7 50.0 11 26.2 11 33.3 0.82 0.48 0.93

Trunk 3 21.4 14 33.3 10 30.3

Upper extremities 2 14.3 9 21.4 6 18.2

Lower extremities 2 14.3 8 19.0 6 18.2

Histologic subtype Superficial Spreading 4 28.6 21 50.0 18 54.5 0.01 0.02 0.21

Nodular 0 0 6 14.3 7 21.2

Lentigo maligna 7 50.0 5 11.9 5 15.2

Acral lentiginous 1 7.1 5 11.9 0 0

Other/unclassified
b 2 14.3 5 11.9 3 9.1

Breslow thickness (mm) ≤1.0 3 21.4 6 14.3 11 33.3 0.74 0.24 0.13

>1.0–2.0 2 14.3 18 42.9 7 21.2

>2.0–4.0 4 28.6 7 16.7 6 18.2

>4.0 5 35.7 11 26.2 9 27.3

Ulceration Absent 6 42.9 22 52.4 25 78.1 0.04 0.76 0.03

Present 8 57.1 20 47.6 7 21.9

Indeterminate 0 0 1

Mitoses (no. per mm2) <1 3 21.4 10 23.8 15 45.5 0.18 0.22 0.11

≥1–4 4 28.6 21 50 10 30.3

>4 7 50 11 26.2 8 24.2

AJCC stage
c IA/IB 3 21.4 15 38.5 16 53.3 0.02 0.54 0.22

IIA/IIB/IIC 6 42.9 10 25.6 3 10.0

IIIA/IIIB/IIIC/IIID 4 28.6 12 30.8 11 36.7

IV 1 7.1 2 5.1 0 0

Unknown 0 3 3

T-stage
c T1a 0 0 2 4.8 10 31.3 0.02 0.69 0.006

T1b 3 21.4 6 14.3 1 3.1

T2a 1 7.1 10 23.8 7 21.9

T2b 1 7.1 6 14.3 0 0

T3a 2 14.3 4 9.5 3 9.4
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Characteristic

Methylation subclass

CIMP vs. 
LM

p value

CIMP vs. 
IM

p value

IM vs 
LM

p value

CIMP
(n=14)

IM
(n=42)

LM
(n=33)

No. % No. % No. %

T3b 2 14.3 3 7.1 3 9.4

T4a 1 7.1 1 2.4 4 12.5

T4b 4 28.6 10 23.8 4 12.5

Unknown 1

N-stage N0 (negative) 10 71.4 25 64.1 19 63.3 0.74 0.75 1.00

Any N (positive) 4 28.6 14 35.9 11 36.7

Unknown 0 3 3

M-stage M0 (negative) 13 92.9 37 94.9 30 100. 0.32 1.00 0.50

M1 (positive) 1 7.1 2 5.1 0 0

Unknown 0 3 3 0

TIL grade Absent 7 50.0 10 23.8 4 12.5 0.01 0.21 0.17

Non-brisk 6 42.9 24 57.1 16 50.0

Brisk 1 7.1 8 19.0 12 37.5

Indeterminate 0 0 1

Pigmentation Absent 5 35.7 8 19.0 4 12.1 0.20 0.46 0.36

Medium 7 41.2 27 64.3 19 57.6

Heavy 2 14.3 7 16.7 10 30.3

Solar elastosis adjacent to 
melanoma

Absent 1 9.1 12 28.6 9 14.8 0.47 0.45 0.82

Mild/moderate 7 63.6 18 42.9 17 62.9

Marked 3 27.3 10 23.8 6 22.2

Indeterminate 3 2 1

Definitions: AJCC, American Joint Committee on Cancer. P-values were derived from the Fisher’s exact test for two groups (CIMP versus 
intermediate and low methylation).

a
Among patients categorized as Other/Unknown, one was African-American/Non-Hispanic, one was Other/Hispanic, and eight had unknown 

race/ethnicity. All White patients were Non-Hispanic.

b
Other types of melanoma include nevoid (n=2), desmoplastic (n=1), spindle cell (n=1), Spitzoid (n=1), unclassified (n=5).

c
AJCC stage and T-stage are based on AJCC 8th edition.
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